This results in asymmetrical impressions, especially for small indents, and complicates the determination of an accurate area function. Another indenter with the shape of a three-sided pyramid is the cube corner. A diamond cube is simply used in such a way that the indentation direction is along the space diagonal which connects opposite corners. This indenter with a face angle (angle between surface normal of sample and indenter face) of 35.3° is much sharper than a Berkovich pyramid with a face angle of 65.3°. Radial cracks, which normally start at the corners of the pyramid, are therefore easier to induce. These cracks can be used for the investigation of the fracture toughness of coatings (see [1, 2] ). However, for the measurement of hardness and Young's modulus cracks are undesirable since they may cause measurement errors.
In recent years there has been, however, a growing interest to use cube corner indenters as an alternative indenter type to study plastic properties. Due to the self-similarity of pyramidal indenters it is not possible to realize different strain states with one and the same tip. Beside the very first depth range where the tip rounding plays a role, the stress field is growing but keeping the same stress ratio with the increasing contact area. This disadvantage can be overcome by using tips with different face angles. Stauss et al. and Bucaille et al. [3, 4, 5] have shown, by using Berkovich and cube corner indenters combined with finite element calculations the same stress-strain values as in tensile tests can be obtained with this method.
Chollacoop et al. [6] have applied a similar method with Berkovich and 60° cone tips. Field et al. performed indentations on fused silica and glassy carbon with different tip geometries including Berkovich and cube corner for the determination of the fracture toughness [7] . In this study the hardness and modulus values were however not determined from the indentation data but taken from the literature.
Little work has been done, however, to use cube corner indenters to measure Young's modulus and hardness in the same way as Berkovich indenters and to check the applicability of the Oliver and Pharr analysis method [8] . Generally it is expected that the much sharper cube corner tip deforms the material more by a cutting mechanism and results in a stronger pile-up. Such an upward flow of material can be described the slip-line theory, developed originally in two dimensions by Hill [9] . By comparison, the plastic zone of a blunt Berkovich tip is constrained by the surrounding material and upwards flow of material is only possible if the radial expansion of the plastic zone is big enough. It is assumed that the displaced volume is taken up entirely by elastic strains within the specimen material. This deformation mechanism can be described by the expanding cavity models of Marsh [10] and Johnson [11] .
The transition range between the two models is not well defined and depends on the material and the friction coefficient between indenter and sample. Therefore it is possible that Berkovich as well as cube corner indents can be described with the same model. Zhang and Sakai [12] investigated geometrical effects of pyramidal indenters with different face angles on the elastoplastic contact behaviors of ceramics and metals. They found different hardness results depending on the face angle; however their results cannot be compared to ours because they calculated the hardness values with a model which assumes a quadratic behavior of the unloading curves which we did not observe for any of our investigated materials. Further they tried to derive a face angle independent "true" hardness value that was related to the flow stress by a constraint factor C. Indeed, H=C*Y is the well known Tabor relation for metals [13] with a constraint factor of about 3 for a representative strain of 8%. According to this model hardness should only weakly depend on the face angle.
We have carried out indentation experiments with Berkovich and cube corner indenters on eight different homogeneous materials with two different commercial nanoindentation instruments (UMIS-2000, CSIRO, Australia and Nanoindenter XP, MTS, USA). A large load range between 0.3 mN and 500 mN was used to obtain depth dependent results. Fused silica and sapphire were used as reference materials for a careful determination of the compliance of the two instruments and the indenter area functions. Finally hardness and modulus results were calculated according to ISO 14577 part 1 [14] and compared. The results are discussed in relation to reference values obtained with other measurement methods. To gain information about the formation of pile-up and/or crack formation with cube corner indenters, additional indentation experiments were performed inside a Scanning Electron Microscope (SEM) using a custom-built SEM-Microindenter (for details see [15] ) using the same tip as for the MTS Nanoindenter XP measurements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [17] . A special ultra-fine grain cemented carbide (hardmetal) sample was delivered by the company Widia, Germany. In contrast to conventional cemented carbide the grain size of the WC particle was in the order of 100 nm and the cobalt content was very low. The distribution of the WC particles in this sample was highly homogeneous and its Young's modulus close to the value of pure WC. Ten measurements were done on every sample and the Vickers hardness results were averaged. The equivalent H IT value was estimated using the informative relationship given in ISO 14577: H IT = HV/0.0945. Table 1 gives the hardness H IT and additionally the standard deviation of the hardness results σ H . The Young's modulus of fused silica was measured within the INDICOAT project [17] with different methods (Laser Surface Acoustic Wave, Acoustic Microscopy, Brillouin scattering).
The moduli of the Au-Cu alloy (containing 18% Cu), Si 3 N 4 and cemented carbide (hardmetal)
were measured with surface acoustic waves at the BAM and the Fraunhofer Institute IWS in Dresden, Germany. The moduli of W and Ni are literature data [18] . The modulus of Sigradur glassy carbon is an average value from indentation measurements done with different instruments and loads. The modulus of sapphire was calculated as a weighted elastic average on basis of the single crystal elastic constants for hexagonal symmetry. The sapphire surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The modulus average over the whole space is 404.7 GPa. The indentation direction with the highest modulus is higher weighted than the other directions and the effective modulus is therefore slightly higher than the average with about 420 GPa.
Nanoindentation measurements
The experiments were carried out with an UMIS-2000 Nanoindenter (CSIRO, Australia) at the Technical University of Chemnitz, Germany and a Nanoindenter XP (MTS, Knoxville, USA) at EMPA in Thun, Switzerland. A measurement cycle consisted of a loading segment, followed by a first hold period at constant maximum load to reduce creep effects which could influence the shape of the unloading curve. The unloading segment was followed by a second hold period at about 10% of the maximum load for the determination of the thermal drift of the instrument. Different loading and unloading times were used depending on the maximum load and the instrument. A typical total measurement time for the UMIS was 400 s and for the Nanoindenter XP 140 s. The loading time of the UMIS depends on the number of data points and cannot be varied markedly. In contrast to the Nanoindenter XP, which used a linear force increase and decrease over time, the force steps followed a quadratic rule. The hold period at maximum load was set to 30 s for the XP and between 30 s and 60 s for the UMIS. The second hold period at the end of the measurement cycle was 60 s for the XP and 45 s for the UMIS. Only the last 30 s were used for both instruments to apply a linear fit and to determine the thermal drift rate. This was possible with an accuracy of 0.003 nm/s for the UMIS, and 0.005 nm/s for the XP, respectively.
The true surface position was determined by a correction procedure that uses a fit of the first displacement data points after contact for a back-extrapolation to zero depth. The fit was done assuming a Hertzian contact for the first part of the loading segment (typically below 30 nm depth). The zero point correction is necessary for the UMIS because the instrument software only recognizes the surface if the contact force exceeds about 5-10 µN. The deformation at this force and the influence of surface roughness can result in a zero shift of more than 3 nm.
This would influence the results markedly when the absolute deformation was small. The determination of the zero position of the displacement axis could also be improved by this UMIS measurements were carried out with some additional loads of 300 µN, 1 mN, 3 mN and 50 mN. 10 indentations separated by a distance of 50 µm were made for each load on every sample and average load-displacement curves were calculated. Finally, the averaged depth values were corrected for the instrument compliance at the corresponding load and analyzed. This is in contrast to the usual analysis of every single curve and reduces the uncertainty of the data due to the averaging. Additionally, it reduces the amount of data to be handled. A pop-in event would be smeared out in such an average curve but this is not a problem here because such effects were not included in this work. Chudoba has shown in previous work [17] that the results of this procedure agree well with the hardness or modulus average of the results from every single curve if the curves are smooth.
The data analysis for both instruments, including all corrections, was done with the instrument independent software IndentAnalyser ® (ASMEC GmbH, Radeberg, Germany). 
Determination of the instrument compliance
An accurate knowledge of the instrument compliance is indispensable for calculating reliable hardness and Young's modulus values from load-displacement curves, especially at higher loads. We determined the instrument stiffness by a comparison of the area functions obtained using data of two different materials (fused silica and sapphire). The measurements were done using a Berkovich tip and the same stiffness function was used for the evaluation of cube corner data. Because the influence of the instrument stiffness becomes more important for samples with a high modulus, it is recommended to include a material with a high modulus (sapphire) for the instrument stiffness determination. In the following, the procedure for the determination of the instrument stiffness is described in detail:
First 10 load-displacement curves for fused silica and sapphire with different nominal maximum loads (500, 300, 100, 50, 30, 10, 5, 3, 1, 0.5, and 0.3 mN, respectively) were measured. From the average curves the effective maximum load F, the unloading stiffness S, the maximum depth h max , the depth after unloading h 0 , and the unloading exponent m were determined. It is important to note that these quantities (with the exception of m) were obtained from the load-displacement curve without a correction of instrument compliance.
The instrument compliance C f was determined such that the area functions obtained from both reference materials agree. This was done under the assumption that the compliance C f is the only parameter responsible for the difference in the area function. The contact depth h c is related to C f according to
ε describes the ratio between the elastic deformation above and below the contact area. There is an unequivocal relation between ε and the unloading exponent m (see for instance [20] ). ε=1 belongs to m=1 (flat punch indenter geometry); ε=0.75 belongs to m=1.5 (sphere) and ε=0.727 to m=2 (cone). For real materials after plastic deformation ε may vary according to a complicated function between 0.7 and 0.8.
The square root of the contact area A C is given by
where E r is the reduced modulus 
u r is the radial displacement correction;
h 0 is the residual depth, and a is the equivalent contact radius
The additional radial displacement correction which is not included in ISO standard 14577 [14] , and allows for elastic displacement within the surface plane. Although the lateral elastic displacement in indentation experiments has already been estimated by Johnson [11] and others it is normally not considered on the assumption that it can be neglected. In contrast to
Johnson's result for fully elastic deformation with a spherical indenter, equation (4) is also valid for additional plastic deformation.
Sometimes an additional geometrical factor 1/β is incorporated in eq. (2) in order to account for the non-rotational symmetric shape of the pyramids. However all calculations in the literature (for instance [21] or [22] ) were done for the fully elastic case and gave values between 1.02 and 1.14 for the Berkovich indenter. For elastoplastic deformations the infinite elastic stresses at edges and tip will be reduced drastically by the plastic displacement of material. It is well known that the plastic zone of pyramidal indentations is approximately rotationally symmetric (see for instance [11] ) and that the elastic field after plastic deformation has a similar shape. For this reasons, no value is given or recommended for beta in the standard ISO 14577 and it is indeed better to use beta = 1 for pyramidal tips.
The Young's modulus E and Poisson's ratio values ν of both indenter (index i) and sample (index s) were assumed to be known. We took the following values for the calculations: For diamond (E = 1140 GPa, ν = 0.07), for fused silica (E = 72 GPa, ν = 0.17), and for sapphire (E = 420 GPa, ν = 0.24), respectively.
To begin with, the instrument stiffness was set to infinite. As already mentioned, the instrument stiffness has a larger influence on the measurement of a material with a higher modulus. Therefore the √A(h)-curve for the stiffer material lies below the curve of the other and the resulting square root of the contact area, according to equation (2), changes more with varying instrument stiffness than for the less stiff material. At a certain instrument stiffness value both curves meet each other. The procedure was therefore to decrease the instrument 
Determination of indenter area function
The area function A(h c ) for the Berkovich indentation tip was calculated with the same measurement data of fused silica and sapphire, and with the same formulas (see above) as was used for the stiffness calibration. The compliance function as determined before, was used for all calculations. The calculations were done according to the ISO 14577 standard but allowed, in addition, a variable ε factor and a radial displacement correction u r as mentioned above.
This is a refinement of the ISO standard method and it improves the accuracy of the analysis by some percent. The influence of these corrections depends on the material. They have the largest influence on fused silica. The increase in the value of the square root of A C calculated by equation (2) and the correction has no influence for this material.
For the Berkovich measurements, a fit range of the unloading curve between 98% and 40% of the maximum load F max was used. The same values for E and ν as indicated in the previous section were used. It turned out that these parameters did not yield good results for the calibration of the cube corner tip with fused silica. In contrast to the Berkovich tip, for the cube corner tip, it could be seen that a kink occurs in the unloading curves at about 50% unloading. A fit with a power function gave an unloading exponent of about 1.4 if the fit range was restricted to the data above the kink. Otherwise the unloading exponent was two or higher. To avoid this kink influencing the accuracy of the fit of the unloading curve in the evaluation of cube corner data, a reduced range, between 98% and 50% of the unloading curve, was used for the curve fit.
A second aspect to consider was the reference value of the Young's modulus for the sapphire sample. In contrast to the other materials investigated in this work, the single-crystalline sapphire sample is elastically anisotropic and has six independent elastic constants (see for instance Wachtmann [23] and Vlassak [24] ). Due to the different indentation shapes induced by plastic deformation with Berkovich and cube corner indenters, the contributions of the various crystallographic directions around the indent to the absolute elastic response may be different. We mentioned that the influence of the stiffest direction perpendicular to the (0001) Figure 1 shows the Young's modulus values obtained from Berkovich (squares) and cube corner (triangles) data measured for fused silica (Fig. 1a) , sapphire (Fig. 1b) and Sigradur glassy carbon (Fig. 1c) . The maximum load for fused silica and glassy carbon was 500 mN, for sapphire 100 mN. Higher applied loads for sapphire led to crack formation with large popin events in the load displacement curves. Different ranges of the unloading curve have been fitted. The upper fit limit was set to 100% of the maximum load F max , the lower limit varied between 80% and 10% of F max . A fit range of 90% from F max represents a fit from 100% down to 10% of F max . Therefore the fit range increases from left to right in Fig. 1 . The horizontal solid lines indicate the reference Young's modulus values (see Table 1 ) obtained with other methods. As can be deduced from the graphs of Fig and 80% F max can the reference value be obtained. The reason for this can be found by a closer look at the unloading curve (not shown here). There is a distinct kink in the cube corner curve after unloading to 80% F max (F = 400 mN). Therefore only the upper 20% data were used for the fit of the unloading curve of glassy carbon in the following data analysis. The reason for the kink is not clear. Possibly it is connected with first cracking. Cracks parallel to the surface can be seen in the SEM images (see Fig. 3 ).
Results and Discussion

Influence of the unloading fit range
A similar but less pronounced kink can be seen in the unloading curves of fused silica at 50% F max as mentioned previously. These kinks were nearly independent of the maximum load down to about 10mN. The results show that the unloading fit range is a critical issue for cube corner data analysis. The unloading curves should be carefully inspected for a smooth curvature. Instead of the recommended 80% fit range for Berkovich or Vickers indenters in [14] , a fit range of less than 50% should be preferentially used to get comparable results. 
Modulus results
The results of all measurements are summarized in Table 1 . All values for one material obtained at different loads were averaged. Hardness results below 40 nm contact depth, however, were not considered in the average to exclude the influence of tip rounding. The indicated errors are the standard deviations obtained from the different loads without considering the scatter of ten measurements performed at one load. This standard deviation represents therefore the homogeneity of the materials over the depth. The same XP cube corner and Berkovich tips were used for indentation experiments inside a Scanning Electron Microscope (SEM) using a custom-built SEM-Microindenter. More details about this instrument can be found in [15] . Fig. 3 shows indentations with cube corner indenter into sapphire, Ni, W and glassy carbon. Details of these images will be discussed below. Berkovich indentations inside the SEM were done for fused silica and sapphire loads above 700mN (not shown here). No cracks or chipping could be observed in fused silica at 736 mN while cracks along the edges could be seen for a higher force of 1226 mN. In sapphire, the surface around the Berkovich indents was surprisingly smooth. Only cracks starting at the corners could be seen. A cube corner indent into sapphire is shown in Fig. 3a .
As expected, the fracture effects are much more pronounced for the cube corner indenter than for the Berkovich tip.
It can be seen in Fig. 2 Probably the results are affected by cracking effects.
The modulus results for glassy carbon with its high elasticity (the energy release is about 90%) are close to the reference value. The difference for the cube corner indenter is slightly higher but it is not significant. The Ni results for the three indenters agree well, however they are all higher than the reference value. This can be attributed to the marked pile-up effect for this material (see fig. 3d ). The contact area derived from the indentation data is therefore too small. W also shows a pile-up effect, however it is less pronounced and seems not to influence the modulus results. Fig. 3g and h shows the crack development in glassy carbon.
Radial cracks can be seen at the corners of the indenter and lateral cracks have developed inside the indent, parallel to the surface. The inwards bowing of the edges after unloading is due to the high elasticity of the material and indicates a sink-in effect. Usually a sink-in effect is connected with an overestimation of the contact area and therefore an underestimation of the hardness. However, the hardness results for this material (see below) are rather too high which contradicts this interpretation. The contact area cannot be calculated accurately enough from the load-displacement curve alone as this material does not appear to behave in a manner consistent with conventional contact mechanics.
Hardness results
The depth dependent hardness results for all investigated materials are shown in Fig. 4 . W shows a strong hardness increase towards the surface, which is similar for all three tips.
The increase for the rounder Berkovich is smaller. Such a hardness increase towards the surface can also be observed for the other investigated samples Au-Cu alloy and Ni. This effect is often described in the literature as indentation size effect (ISE). In fact the hardness increase cannot be attributed to only one effect. An important feature of the investigated metals is the modification of the grain structure and the work hardening during the cutting and polishing procedure. It is known that mechanical preparation modifies the surface to a depth of some micrometers (see e.g. [25] ). Another reason is the required agglomeration of dislocations at the very beginning of the plastic deformation [26] . Gao and Nix have shown that hardness should increase proportional to 1/√h in crystalline materials (for sharp conical indenters). Later Qu, Nix et al. [27] have shown that this relation strongly depends on the indenter tip radius. Of course a hardness decrease can be expected in the transition range from elastoplastic to wholly elastic deformation. The measured hardness gradient in the low depth range is therefore inevitably a combination of several effects. According to the model of Qu, the lower hardness increase towards the surface in W for the UMIS data can be attributed to the larger tip radius. Interestingly the difference was not seen in the nickel.
The hardness increase for the Au-Cu alloy can only be seen for the rounder Berkovich tip where data are available from smaller depths. At higher depths there is no difference between the tips and the hardness results agree well with the reference value. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The hardness results for glassy carbon show differences between all three indenters, especially at small loads. The apparent hardness is higher the sharper the tip is. This effect was not investigated in detail. Possibly it has to do with crack formation in the material as can be seen in Fig. 3h . More investigations are needed for an understanding of this effect.
The hardness results for Ni do not show significant differences between the indenters. There is a strong hardness increase towards the surface which reaches nearly two times the bulk value. The reference value is only reached for the highest loads at a depth of more than 3 µm.
A pile-up effect increases the contact area and the calculated area value from the loaddisplacement curve is too small and leads to a higher apparent hardness.
Summarizing the results of all materials it can be stated, that there is no general hardness difference seen for the indenters with different tip angle. Hardness results were found to be similar for metals, glass and sapphire. Significant differences occur for the ceramic materials and the highly elastic glassy carbon. Some of the differences at small loads can be attributed to the different tip rounding and to the tip angle.
Hardness is contact pressure under load for a fully developed plastic zone. If such a zone can not develop due to severe cracks or very high elasticity of the material, hardness may no longer be a reasonable measure for the plastic properties of the material.
Although the maximum strain below the indenter is larger for a smaller face angle, the contact pressure represents an average of the whole strain field. As mentioned in the introduction, hardness is related to the yield stress Y in simple compression over the constraint factor C.
Tabor [13] has shown that the results for a perfectly plastic solid may be applied for a strainhardening solid if the flow stress for a representative strain ε R is used with
The representative strain is 8% for Vickers and Berkovich indenter and 18% for a cube corner
indenter. This representative strain should decrease if the material is already work hardened e.g. mechanically polished metal surfaces to a depth of a few micrometers. The constraint 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 carbide the hard WC particles in the softer cobalt matrix seem to determine the total response of the compound more for a sharper tip. The slip-line theory (see [9] ) of metal forming cannot be applied for these materials.
Generally the scatter of the results is larger for the sharper cube corner tip. Therefore
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